ABSTRACT: Bismuth vanadate has recently drawn significant research attention as a lightabsorbing photoanode due to its performance for photoelectrochemical water splitting. In this study, we use in situ ambient pressure X-ray photoelectron spectroscopy with "Tender" Xrays (4.0 keV) to investigate a polycrystalline bismuth vanadate (BiVO 4 ) electrode in contact with an aqueous potassium phosphate (KPi) solution at open circuit potential under both dark and light conditions. This is facilitated by the creation of a 25 to 30 nanometers thick electrolyte layer using the "dip-and-pull" method. We observe that under illumination bismuth phosphate forms on the BiVO 4 surface leading to an increase of the surface negative charge. The bismuth phosphate layer may act to passivate surface states observed in photoelectrochemical measurements. The repulsive interaction between the negatively charged surface under illumination and the phosphate ions in solution causes a shift in the distribution of ions in the thin aqueous electrolyte film, which is observed as an increase in their photoelectron signals.
Introduction
Chemical fuels produced using sunlight is a potential way to store solar energy and therefore mitigate its intermittency. 1, 2, 3, 4, 5, 6, 7 To date, solar fuel research has predominantly focused on solar water splitting to generate hydrogen, which can be used both as a primary energy source (in power plant or automobile-based fuel cells) and as a chemical feedstock for the production of synthetic fuels. 7, 8, 9, 10, 11, 12, 13, 14 During photoelectrochemical water splitting, sunlight absorbed by a semiconductor generates photo-excited charge carriers, (electrons in the conduction band (CB) and holes in the valence band (VB)) that drive electrochemical reactions at the semiconductor/aqueous electrolyte interface. The electrons drive hydrogen evolution at the cathode while holes drive oxygen evolution at the anode. Since the rate of photoelectrochemical water splitting is determined by charge separation and hole transfer from the anode to the electrolyte, research efforts focus mainly on photoanode materials for oxygen evolution.
Among the promising photoanode materials for solar water splitting, monoclinic clinobisvanite bismuth vanadate (BiVO 4 ) has recently drawn significant research attention due to its high photo-activity, good catalytic properties and reasonable stability. 7, 9, 10, 15, 16, 17, 18, 19 The valence band maximum (VBM) of BiVO 4 , an n-type semiconductor, is lower than the oxygen evolution potential (+1.23 V vs. NHE at pH 0), allowing holes to be efficiently transferred to the electrolyte and subsequently oxidize water. However, charge carrier recombination at the semiconductor/electrolyte interface limits the efficiency of BiVO 4 based devices by eliminating holes before they can oxidize water. 20, 21 Surface states induced by surface reactions can act as electron and hole traps and enhance the recombination rate. Moreover, surface states are wellknown to cause Fermi level pinning leading to reduced photovoltages and a decrease in the efficiency of the device. 22 Therefore, a detailed understanding of the chemical composition of the semiconductor/aqueous electrolyte interface and its dependence on specific conditions (applied potential and illumination) would provide valuable input for the optimization of photoanode material for oxygen evolution. 23, 24 In this study, we investigate a polycrystalline, un-doped BiVO 4 KPi aqueous electrolyte layer is created by the "dip-and-pull" method. 25, 26, 27, 28, 29, 30, 31 
Experimental

Sample preparation
Undoped BiVO 4 thin films were prepared by spray pyrolysis on FTO-coated glass (TEC-15, Pilkington). Detailed information on the spray pyrolysis setup and precursor solutions can be found in our previous report. 32 In short, the FTO substrate was placed on a hot plate (450° C) during the spray pyrolysis of BiVO 4 . 100 cycles of deposition were performed with a rate of ~1 nm per cycle. Prior to the BiVO 4 deposition, 5 mL solution of 0.1 M SnCl 4 (99%, Acros Organics) in ethyl acetate (99.5%, J.T. Baker) was sprayed on the FTO substrate to form a SnO 2 interfacial layer (~80 nm). Finally, the undoped BiVO 4 /SnO 2 /FTO sample was post annealed for 2 hours at 450° C under the flow of technical air (80% N 2 /20% O 2 ). The surface morphology of the obtained samples was studied by atomic force microscopy in tapping mode, as reported in Figure S1 .
Photoelectrochemical measurements
The chemicals were high purity reagents and used without further purification. MilliQ water (DI, ρ=18.2 MΩ·cm), K 2 HPO 4 and KH 2 PO 4 (99.95% and 99.99%, Aldrich, respectively) were used as the solvent and supporting electrolyte, respectively. The 0.1 M KPi solution was made by dissolving 0.062 mol of K 2 HPO 4 and 0.038 mol of KH 2 PO 4 per liter of MilliQ water. The measured pH of the KPi solution was between 7.0 and 7.1.
The counter electrode (CE, Pt polycrystalline foils, 99.99%, thickness 0.5 mm, Aldrich) was polished to a mirror finish with silicon carbide paper of decreasing grain size (Struers, grit: 2400 and 4000). The CE was then cleaned with two cycles of ultrasonic treatment in a mixture of MilliQ water/ethanol (Aldrich, 1:1) for 10 min. A third ultrasonic cleaning was then conducted in pure MilliQ water for 15 min, followed by a thorough rinsing and drying in streaming N 2 (g). The reference electrode (RE), was a miniaturized leak-less saturated Ag/AgCl/Cl -(sat.) RE (ET072-1, eDAQ, standard electrode potential E°A g/AgCl (sat.) = +199 mV with respect to the normal hydrogen electrode, NHE). For better comparison to the literature, the potentials reported in this work are referred to the reversible hydrogen electrode (RHE), which is related to the Ag/AgCl/Cl -(sat.) electrode and the electrolyte pH by the following relation:
Cyclic voltammetry (CV) measurements were conducted at room temperature at a scan rate of 10 mV s -1 in a 0.1 M KPi solution. Capacitive current scans were used to determine the surface charge and the BiVO 4 /KPi electrolyte interfacial differential capacitance (i.e. capacitance as a function of the applied potential). The measurements were carried out at room temperature. The charge was determined by integrating the area of the cyclic voltammetry curves (taken with a scan rate of 50 mV s -1 ) within a 20 mV potential window centered at each chosen potential. 28, 33 The results are reported in Figure S2 .
In situ hard X-ray photoelectron spectroscopy measurements Beamline 9.
and AP-HAXPES experimental details
The source for beamline 9.3.1 at the Advanced Light Source (ALS) of Lawrence Berkeley National Laboratory is a bending magnet. A Si(111) double crystal monochromator (DCM) provides an energy range between 2.0 keV and 7.0 keV (i.e., the "tender" X-ray range, denoted as "hard" throughout the text to be consistent with the acronym HAPXES). The minimum X-ray spot size on the sample is 0.7 mm (v) × 1.0 mm (h). All spectra were taken with a photon energy of 4.0 keV, at room temperature and in normal emission (NE). The pressure in the experimental chamber was kept at the equilibrium vapor pressure of the KPi electrolyte solution at room temperature. The pass energy of the Scienta analyzer (R4000 HiPP-2) was set to 200 eV. A step size of 100 meV and a dwell time of 300 ms was used. Under these conditions, the total resolution (X-ray plus analyzer) was equal to about 700 meV at 4.0 keV. To limit evaporation from the electrochemical cell a large volume (~ 500 mL) of outgassed pure water was introduced in the analysis chamber. Binding energy (BE) scale calibration was done by using the Au 4f 7/2 (BE = 84.00 eV) photoelectron peak position and the Fermi edge taken with a clean gold polycrystalline surface as reference values measured under all the experimental conditions. Spectral fitting was carried out using a DoniachŠunjić shape for the Au 4f and Bi 4f photoelectron peaks, whereas symmetric Voigt functions (G/L ratio ranging from 85/15 to 75/25) were used to fit the O 1s (after Shirley background subtraction). During the fitting procedure, the Shirley background was optimized together with the spectral components. 34, 35, 36 Finally, chi-square (χ 2 ) minimization was ensured by the use of a nonlinear least squares routine, with increased stability over simplex minimization.
"Dip and pull" method and in situ measurements
Three electrodes (BiVO 4 WE, Ag/AgCl/Clˉ( sat.) RE and Pt foil CE) were mounted in a PEEK electrode housing that was attached to a multi-axis manipulator. The working electrode (WE), counter electrode (CE), and reference electrode (RE) were connected to an external potentiostat/galvanostat (Biologic SP 300) to perform in situ electrochemical measurements. During operation, the WE and the electron energy analyzer were commonly grounded.
Prior its introduction into the experimental chamber, the 0.1 M KPi aqueous electrolyte was outgassed for at least 30 min at low pressure (between 10 and 20 Torr) in a dedicated off-line chamber. The pH of the 0.1 M KPi solution was measured to be between 7.0 and 7.1. After degassing the electrolyte solution, it was placed into the AP-HAXPES chamber, the pressure was carefully decreased to just below the equilibrium vapor pressure of the 0.1 M KPi solution at room temperature, and then pumping was stopped and the chamber pressure drifted up to the equilibrium vapor pressure of the KPi electrolyte solution at room temperature (approximately 17 Torr).
To create the BiVO 4 /KPi electrolyte interface (WE/electrolyte), all three electrodes were immersed deeply into the electrolyte. They were then slowly extracted from the electrolyte solution by raising the manipulator at a slow and constant rate. Following this procedure, a thin layer of the KPi aqueous electrolyte film is formed on the electrode surface (typical values in this study are 24 to 32 nm, see below); the BiVO 4 working electrode was then positioned at the intersection of the X-ray beam and the focal point of the hemispherical electron analyzer (HEA), thereby allowing AP-HAXPES measurements of the BiVO 4 /KPi electrolyte interface. During the measurements, the bottom parts of the electrodes remained submerged in the bulk KPi electrolyte solution, in order to ensure electrical continuity between the thin electrolyte layer on the BiVO 4 WE surface and the bulk KPi electrolyte.
To illuminate the BiVO 4 /KPi system during the AP-HAXPES experiments, a solar simulator (Asahi Spectra, HAL-C100) was used as a light source (sun irradiation: 1 sun = 75 mW cm -2 ). The light source, whose power density was distributed over a spectral range from 350 nm to 1100 nm, was placed at a distance of about 25 cm from the BiVO 4 WE (front illumination configuration), and the light was directed to the sample through a standard CF35 windowed flange (glass thickness: 3 mm). Under such conditions, the maximum power was reached in a 10×10mm sample area, with an average power density of about 69 mW cm -2 (~ 0.92 sun) at the WE surface.
Results
BiVO 4 film morphology
The surface morphology of the BiVO 4 film was studied with atomic force microscopy (AFM, see inset in Figure 1 and also SI Figure S1 ) which provided a root mean square (RMS) roughness of about 25 nm over an area of 2×2 µm 2 .
Photoelectrochemical measurements on BiVO 4
To determine the BiVO 4 /KPi electrolyte interface capacitance (C BiVO4/KPi ) 37 This is consistent with previous reports for undoped BiVO 4 . 20 Interestingly, when we illuminate the BiVO 4 with solar light, the feature associated with the surface state in the capacitance versus applied potential plot disappears (only the typical asymptotic decay remains, see Figure 1 ) but reappears after returning to dark conditions. This suggests that the surface state present on the pristine undoped BiVO 4 in dark conditions is passivated upon illumination. and to test this hypothesis we have conducted in situ AP-HAXPES measurements which allows for direct chemical interrogation of solid/liquid interfaces.
In situ AP-HAXPES at the BiVO 4 /KPi interface
In order to gain chemical information about the BiVO 4 /KPi aqueous electrolyte interface, we performed in situ AP-HAXPES using the "dip and pull" technique available at the Advanced Light Source at beamline 9.3.1 (Figure 2a) . 25, 26, 27, 28, 29, 30 We studied the chemical composition In addition to changes in the O 1s spectra, we also observe distinct changes in the AP-HAXPES signals arising from the ions in the electrolyte, as shown by the K 2p and P 2p core level spectra in Figure 3a and b, respectively. We observe a clear increase in the photoelectron intensity from both K + and P in the phosphate groups (H x PO 4 y-) when passing from dark to light conditions. This is highlighted by the difference spectra in Figure 3a and 3b. Similar to what is described above for the O 1s spectra, the increase in the signal intensity from the ions in the electrolyte upon illumination is reversible when restoring dark conditions.
Figure 3c
shows Bi 4f photoelectron spectra for both dark and light conditions. Upon illumination the Bi 4f peak broadens to higher binding energy (Figure 3c, II) . The addition of a second component at +0.7 eV higher binding energy from the main Bi 4f spectral feature (Bi 3+ , BE = 159.1 eV) allows quantification of the broadening. We note that the carbon contamination (BE ~ 285 eV) present is not affected when passing from dark to light conditions. Finally, it was not possible to acquire the V 2p photoelectron peak under in situ conditions, due to the low intensity of the photoelectron signal. Figure S4 reports the Bi 4f, V 2p and O 1s photoelectron signals acquired before the dip and pull procedure at the BiVO 4 /water vapor interface, at fully hydrated conditions (p water ~ 18 Torr at room temperature) where the V 2p is clearly present.
Discussion
In this section, we rationalize the AP-HAXPES results reported above. First, we will discuss chemical changes of the BiVO 4 induced by light, through an analysis of the broadening of the Bi 20 This is suggested by the loss of the surface state feature observed in the capacitance versus applied potential plots upon illumination (Figure 1) . However, since the bismuth phosphate layer may be formed via initial photocorrosion of BiVO 4 followed by BiPO 4 precipitation, controlling both the extent of photocorrosion as well as the thickness of the bismuth phosphate layer would be necessary to fully realize its potential First, we note that the H x PO 4 y-to LPW O 1s signal ratio change can arise from two processes:
1) an increase in the H x PO 4 y-concentration in the thin electrolyte film upon illumination, or 2) a change in the distribution of H x PO 4 y-anions within the thin electrolyte film that shifts their average position closer to the electrolyte/vapor interface (XPS is always more sensitive to species closer to the surface since their photoelectrons are attenuated less 47 ). An increase in the concentration of phosphate ions in the BiVO 4 /KPi system may be the result of BiPO 4 formation. photoanode. This leads to surface passivation and the quenching of the surface state observed on undoped BiVO 4 under dark conditions. Moreover, the formation of bismuth phosphate is correlated with the build-up of negative charge on the surface which, in turn, causes a redistribution of ions in the thin KPi electrolyte film. We find that these changes are reversible upon restoring dark conditions. This work highlights the importance of using in situ methods to understand how working conditions play a crucial role in modulating the properties of photoanodes. For instance, the formation of a BiPO 4 layer forms a junction between a low bandgap oxide (BiVO 4 , 2.4 eV) and a higher band-gap material (BiPO 4 , 3.85 eV) 45 and will modify the local density of states of the photoanode surface which in turn will influence device performance. We have shown that the formation of a BiPO 4 layer may lead to surface passivation and a recovery of the band edge pinning and a decrease in the charge recombination rate, providing a rational for previous results reported in the literature. 45, 46 In the present study, such processes are a result of a specific semiconductor/electrolyte combination and suggest that the choice of supporting electrolyte may play a significant role in photoelectrochemical device performance.
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